Comparisons of protein sequence via cyclic training of Hidden Markov Models~HMMs! in conjunction with alignments of three-dimensional structure, using the Combinatorial Extensioñ CE! algorithm, reveal two putative EF-hand metal binding domains in acetylcholinesterase. Based on sequence similarity, putative EF-hands are also predicted for the neuroligin family of cell surface proteins. These predictions are supported by experimental evidence. In the acetylcholinesterase crystal structure from Torpedo californica, the first putative EF-hand region binds the Zn 2ϩ found in the heavy metal replacement structure. Further, the interaction of neuroligin 1 with its cognate receptor neurexin depends on Ca 2ϩ . Thus, members of the a,b hydrolase fold family of proteins contain potential Ca 2ϩ binding sites, which in some family members may be critical for heterologous cell associations.
Ca
2ϩ binding sites found in cytosolic proteins often arise from an EF-hand~McPhalen et al., 1991! motif whose name is derived from the E and F helices and its intervening loop as first observed in the Ca 2ϩ binding site of parvalbumin~Kretsinger & Nockolds, 1973!. Low Ca 2ϩ concentrations in cytoplasm require a high affinity for the ligand and often two or more Ca 2ϩ binding EF-hand sites to sense intracellular Ca 2ϩ . Extracellular Ca 2ϩ concentrations are much higher and the required affinity of Ca 2ϩ binding sites is lower. EF-hand motifs also bind other divalent metals, for example, Mg 2ϩ , Cd 2ϩ , and Mn 2ϩ~M cPhalen et al., 1991!. Although the EF-hand Ca 2ϩ binding motif is prevalent among cytoplasmic proteins, its identification in osteonectin~SPARC!, a secreted glycoprotein, suggests a role for divalent metal ions located in extracellular proteins~Pottgiesser et al., 1994!. Increasing Ca 2ϩ concentration is known to facilitate osteonectin binding to fibril-forming collagens~Maurer et al., 1996!. Other Ca 2ϩ binding motifs have also been identified in extracellular proteins such as cadherins and the low-density lipoprotein receptors~Rizo & Südhof, 1998!. We report here that EF-hand motifs may be distributed in the a,b hydrolase family of proteins. First, in heavy metal replacement of acetylcholinesterase~AChE! crystals, a Zn 2ϩ binding site was localized~Sussman et al., 1991!. Second, neuroligin, a cell surface protein homologous to AChE, binds to neurexin-1b in a Ca 2ϩ dependent manner~Nguyen & Südhof, 1997!. Third, glutactin, also a a,b hydrolase fold protein homologous to AChE, binds Ca 2ϩ~O lson et al., 1990!. Through comparisons of linear sequence and three-dimensional structures to proteins with well-characterized EF-hand motifs, we identify an extracellular EF-hand motif that may confer structural integrity and Ca 2ϩ dependent functional properties to this family of proteins. Similar to neuroligin, substantial evidence exists for the cholinesterases serving a noncatalytic recognition function on cell surfaces~Layer & Willbold, 1995; Robertson et al., 1998!. representatives of the a,b hydrolase-fold superfamily chosen by the two training methods~Fig. 2! differ. The weighted method revealed human AChE~PIR identifier ACHU!! and gliotactin~PIR identifier A56920!. The maximum discrimination~MD! training method revealed T. californica~PIR identifier ACRYE! and Drosophila~PIR identifier A25366! AChE~Fig. 1!. By limiting the number of proteins in the training set to between 100 and 600, it was possible to define a new HMM that identified all known neuroligins~Fig. 3 where NL3, GENBANK identifier U41663, is shown!. The improved Smith-Waterman scores for neuroligin~NL3 in Fig. 3 ! occurred concomitant with an increase in the scores for osteonectin family members~PIR identifiers GEHUN, GEBON, and GEMSN! and AChE from Drosophila~PIR identifier A25363!.
Sequence alignments of the EF-hand regions defined by the HMM for extracellular proteins~Fig. 4! show several similar features that link the cytoplasmic EF-hand consensus sequences to the extracellular EF-hand motif of osteonectins, and characteristics of osteonectin are also shared by putative EF-hand motifs in the a,b hydrolase-fold superfamily. Drosophila~PIR identifier A25363!, Torpedo~A38838!, human~A39256!, rabbit~S48724! AChE, along with mouse~S70849! and human~ACHU! butyrylcholinesterases, and gliotactin~A56920! from the PIR database, all showed with high Smith-Waterman scores using the trained HMM. The neuroligins absent in PIR were added from GENBANK to the search set of sequences and also produced significant Smith-Waterman scores. Using these sequence alignments, known cholinesterase structures were compared with homology models of neuroligin~Tsigelny et al., 1998! and gliotactin~I. Tsigelny, unpubl. data!. Both experimental structures and homology models show conformations that can be classified as EF-hand motifs. Fig. 1 . HMM score for extracellular proteins with putative EF-hand motifs. Smith-Waterman scores for proteins from the osteonectin~SPARC! family and acetylcholinesterases from T. californica and Drosophila. These scores were obtained as a result of the following sequence of training cycles: two cycles of maximum discrimination~MD! training, one cycle of weighted training, three cycles of MD training, one cycle of weighted training, three cycles of MD training, one cycle of weighted training. Fig. 2 . HMM cyclic training procedure. The initial cytoplasmic EF-hand HMM was subjected to HMM-align~hmma! to align the set of sequences already used in the HMM . A new HMM was then built from this alignment using the hmmb function of HAMMER with maximum discrimination~MD! training . The resulting HMM was used in a Smith-Waterman~hmmsw! search of the PIR database . The scores for the proteins that did not belong to the group used in the initial HMM were then calculated . This indicated that the HMM is directed not only at finding the narrow group of initial proteins but also reveals a more general pattern of proteins that correspond to EF-hand metal binding motifs. The procedure was then repeated, building a new alignment based on the refined HMM. The procedure was repeated until no new proteins with a significant score were revealed . In later experiments~dashed lines!, a new cyclic procedure was carried out using the "weighted" option of HAMMER followed by an MD cycle . The double cycle procedure was continued until no new sequences with a significant score were revealed.
Using the HMM approach, we increase the power of detection of more distant homologs, but at the same time lose the apparent presentation of pairwise alignments. To bridge the gap, we selected several sequences from representative intracellular EF-hand containing proteins appearing in our extensive HMM alignment and conducted a pairwise alignment of them to a representative AChE in the a,b hydrolase fold superfamily that had a significant score in our HMM searches-Drosophila AChE. Table 1 shows that intracellular EF-hand containing proteins have significant sequence identity with AChE in the region of EF-hand motif. Many of the proteins shown in Table 1 give sequence identity and alignment scores above the zone of uncertainty~Doolittle, 1986!.
One of the parameters that can be used for comparison of threedimensional structures of EF-hands is the interhelical angle between a-helices. We calculated that angle for EF-hands from proteins of known crystal structure or their closest homologs. Most have angles between 608 and 808, consistent with the first EF-hand of AChE~;778!. The second EF-hand for AChE has an angle ;558 and may be compared with calcyclin with an angle of ;578. Both the warping of the helices as seen in the crystal structures and the locations of the anionic side chains allow for some variation in the interhelical angle.
The combinatorial extension~CE! method~Shindyalov & Bourne, 1998!, based solely on the three-dimensional structural similarity of molecules, revealed that the EF-hand motif found in cytoplasmic calcium binding proteins has a significant similarity in threedimensional structure to a corresponding structural motif found in AChE. This similarity was not detected by either VAST~Madej et al., 1995 ! or DALI~Holm & Sander, 1993 . HMM scores for proteins using training sets of various sizes. SmithWaterman scores were obtained using HMMs that include different numbers of proteins. Only the differences of the scores vs. scores for the largest HMM are given for A25363. Fig. 4 . Sequence alignments containing the EF-hand motifs. Highly conserved residues are shown in bold. Sequences are identified as follows. PIR entries: MCSFCU: calmodulin, sea cucumber; ACRYE: acetylcholinesterase precursor~11S form!, T. californica; A25363: acetylcholinesterase precursor, Drosophila; ACHU: butyrylcholinesterase precursor, human; A56920: gliotactin precursor, Drosophila; S70849: butyrylcholinesterase, mouse; A39256: acetylcholinesterase precursor~brain splice form!, human; S48724: acetylcholinesterase, rabbit; GERTX1: matrix glycoprotein; GEHUN: osteonectin precursor, human basement membrane protein BM-40~SPARC!; GEMSN: osteonectin precursor, bovine basement membrane protein BM-40~SPARC!. GENBANK entries: g806852~U22952!: neuroligin 1, rat; g1145789~U41662!: neuroligin 2, rat; g1145791~U41663!: neuroligin 3, rat. 
EF-hand motifs in cholinesterases and neuroligins
~Bourne et al., 1995!~1MAH!. Further, the matrix bone protein, osteonectin~Hohenester et al., 1997!~SPARC!~1SRA!, has been included in the analysis as a representative of an extracellular Ca 2ϩ -binding protein. Table 2 shows the matrix of CE comparisons for these proteins. There is a measurable structural similarity between EF-hand regions of calcium-binding proteins and the AChEs with z-scores above 4.0 in most cases~cf. Shindyalov & Bourne, 1998 , for a complete definition of z-score!. These similarities are significant irrespective of whether a known Ca 2ϩ -binding protein or AChE is selected as the reference for comparison against the complete PDB database. Close examination reveals two contiguous EF-hand-like motifs in AChE beginning near residue 327 and ending near residue 417~using 2ACE numbering!. Residue numbers will vary slightly with the species of AChE, but the central loops are conserved though out and only the length and orientation of the helices varies. Structural comparisons between the known extracellular calcium-binding protein osteonectin~SPARC!~1SRA! and cytoplasmic Ca 2ϩ -binding proteins show significant structural similarity in the area of the EF-hand like motifs. Structural similarities between AChE and cytoplasmic Ca 2ϩ -binding proteins in this region are also significant. No global structural similarity was found between AChEs and osteonectin. Despite both osteonectin and AChE being extracellular proteins, they contain a EF-hand motif as the only convergent structural element or they have diverged from a common primordial structure such that only the EF-hand motif is evident.
Conclusions: In summary, two completely different computational methods: Hidden Markov Model cyclic training~HMMCT!, a method based solely on protein sequence, and the Combinatorial Extension~CE! method, based solely on spatial relationships of tertiary structure, revealed evidence for two previously unknown EF-hand motifs in AChE and related proteins. The tertiary structure of the EF-hand regions of AChE~orange; Fig. 5 ! corresponds closely to the well-characterized EF-hand motifs of calmoduliñ cyan!. Only one extracellular protein containing an EF-hand motif, osteonectin, had been identified previously on the basis of structure and suspected on functional grounds. Our finding of such motifs in a large extracellular protein superfamily of a,b hydrolasefold proteins is supported by functional data showing Ca 2ϩ dependence for neuroligin-neurexin association and Ca 2ϩ binding to glutactin. In the crystal structure of AChE, Zn 2ϩ is found in the region of the calcium binding site. This common motif suggests that divalent cations may be critical to the folding and maintenance of structure for some members of the family. For others, Ca 2ϩ may play an essential role in associations with partnering proteins and form the basis for heterologous cell contacts.
Materials and methods: Hidden Markov Models Cyclic Training (HMMCT):
To create multiple alignments for the AChE and neuroligin sets of sequences, and to find specific regions of potential commonalty in their structures, we used Hidden Markov Models HMMs; HMMER version 1.8 software package~Eddy, 1995!!. a z, z-score measuring significance of structural comparison; l0gap, length of alignment0number of positions aligned with single residue gaps; RMSD, root-mean-square deviation in the optimal superposition; ide, sequence identities in the alignment as percentage of equivalent residues relative to alignment length. The significance of each similarity is characterized by the value of the z-score. A random comparison of two nonhomologous proteins would reveal a z-score below 3.5. A z-score above 4.0 usually corresponds to similarities at the superfamily level, i.e., proteins with similar structure and related but not identical function. A z-score between 3.5 and 4.0 is in the twilight zone, where a decision concerning the biological meaning of a particular similarity has to be based on additional experimental evidence. Figure 2 shows our strategy for identifying regions of sequence similarity~Tsigelny et al., 1998!. A HMM for EF-hands that includes more than 800 cytoplasmic proteins was used for training Computational Biology webpage, University of California, San Diego: http:00www.cse.ucsc.edu0research0compbio!. During the cyclic training, we calculated HMM scores for proteins not included in the initial cytoplasmic HMM. Those scores reflect the statistical significance of an alignment of a given non-included sequence to the initial 800 protein HMM. Scores were also calculated for the representatives of known families of EF-hand containing proteins. In this way, we created a HMM that was not only oriented to the EF-hands of initial families of proteins, but distinguished more generally a subgroup of EF-hand motifs.
Pairwise alignment: We used the SIM program with the matrix BLOSUM50, gap penalties -140-4 in BCM Search Launcher~Bay-lor College of Medicine, http:00dot.imgen.bcm.tmc.edu!.
Angle measurement: To measure angles between EF-hand helices we used the Insight II program~MSI, San Diego, California! with coordinates from the Protein Data Bank.
Combinatorial Extension (CE):
The CE algorithm~Shindyalov & Bourne, 1998! provides a method for comparing and aligning the three-dimensional structures of two polypeptide chains and is based on the local geometry of octomeric C-alpha fragments. Each aligned fragment from the two proteins constitutes an aligned fragment pair~AFP!. Each AFP represents a point in a similarity matrix. The optimal alignment is the longest contiguous grouping of AFPs after allowing for gaps. The criteria used in defining AFPs and gaps are defined empirically. CE is kept computationally tractable by restricting the length of gaps, and requiring the collinear arrangement of AFPs in the alignment. Hence, CE will not find nontopological alignments and alignments comprised from substantially separated segments. All polypeptide chains in the PDB with at least 30 residues per chain were compared using CE. The resulting database used in this analysis can be found at http:00cl.sdsc.edu0ce.html.
